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Subtelomere structure<p>The s quence div rgence within subtelomeric duplicon families varies considerably, as does the organization of duplicon blocks at sub-telomere all les; a class of dupl con blocks was identified that are subtelomere-specific.</p>
Abstract
Background: Human subtelomeric segmental duplications ('subtelomeric repeats') comprise
about 25% of the most distal 500 kb and 80% of the most distal 100 kb in human DNA. A systematic
analysis of the duplication substructure of human subtelomeric regions was done in order to
develop a detailed understanding of subtelomeric sequence organization and a nucleotide
sequence-level characterization of subtelomeric duplicon families.
Results: The extent of nucleotide sequence divergence within subtelomeric duplicon families
varies considerably, as does the organization of duplicon blocks at subtelomere alleles.
Subtelomeric internal (TTAGGG)n-like tracts occur at duplicon boundaries, suggesting their
involvement in the generation of the complex sequence organization. Most duplicons have copies
at both subtelomere and non-subtelomere locations, but a class of duplicon blocks is identified that
are subtelomere-specific. In addition, a group of six subterminal duplicon families are identified that,
together with six single-copy telomere-adjacent segments, include all of the (TTAGGG)n-adjacent
sequence identified so far in the human genome.
Conclusion: Identification of a class of duplicon blocks that is subtelomere-specific will facilitate
high-resolution analysis of subtelomere repeat copy number variation as well as studies involving
somatic subtelomere rearrangements. The significant levels of nucleotide sequence divergence
within many duplicon families as well as the differential organization of duplicon blocks on
subtelomere alleles may provide opportunities for allele-specific subtelomere marker
development; this is especially true for subterminal regions, where divergence and organizational
differences are the greatest. These subterminal sequence families comprise the immediate cis-
elements for (TTAGGG)n tracts, and are prime candidates for subtelomeric sequences regulating
telomere-specific (TTAGGG)n tract length in humans.
Background
Segmental duplications, defined operationally as duplicated
stretches of genomic DNA at least 1 kb in length with >90%
nucleotide sequence identity, comprise roughly 5% of euchro-
matin in the human genome [1]. They are preferential sites of
genomic instability, associated with recurrent pathology-
associated chromosome breakpoints [2], large-scale copy
number polymorphisms [3,4], and evolutionary chromosome
breakpoint regions [5]. While they are distributed throughout
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and telomeres [1].
Human subtelomeric segmental duplications ('subtelomeric
repeats') comprise about 25% of the most distal 500 kb and
80% of the most distal 100 kb in human DNA [1,6]. From
extensive early work on these complex regions it was recog-
nized that telomere-adjacent sequence stretches contained
low copy subtelomeric repeat segments of varying sizes and
degrees of divergence [7,8]. The first completed sequences of
human subtelomere regions revealed at least two general
classes of duplicons, sometimes separated by internal
(TTAGGG)n-like islands; large and highly similar centromer-
ically positioned subtelomere duplications and more abun-
dant, dissimilar distal duplicons [9]. While it is now well-
established that subtelomeric repeat (Srpt) regions are com-
posed of mosaic patchworks of duplicons [10,11], genome-
wide analyses of these regions are revealing new details. The
patchworks of subtelomeric duplicons appear to arise from
translocations involving the tips of chromosomes, followed by
transmission of unbalanced chromosomal complements to
offspring [12]. The overall size, sequence content, and organ-
ization of subtelomeric segmental duplications relative to the
terminal (TTAGGG)n repeat tracts and to subtelomeric sin-
gle-copy DNA are different for each subtelomere [6], and the
large-scale polymorphisms (50 kb to 500 kb) found near
many human telomeres seem to be due primarily to variant
combinations of subtelomeric segmental duplications
[10,11,13]. Thus, the architecture of each human subtelomere
region is determined largely by its specific subtelomeric seg-
mental duplication content and organization, which vary
from telomere to telomere and are often allele-specific.
Terminal (TTAGGG)n tracts lie immediately distal to subtelo-
meric segmental duplication regions and form the ends of
chromosomes. The lengths of (TTAGGG)n tracts have been
shown to vary from telomere to telomere within individual
cells [14-16] and between alleles at the same telomere [17-19].
Individual-specific patterns of relative telomere-specific
(TTAGGG)n tract lengths have a significant heritable compo-
nent closely associated with the telomeres themselves
[19,20], and these patterns appear to be defined in the zygote
and maintained throughout life [16]. Since the immediate
effects of (TTAGGG)n tract loss on cell viability and chromo-
some stability may be attributable to the shortest telomere(s)
in a cell, rather than to average telomere length [18,21], indi-
vidual-specific patterns of allele-specific (TTAGGG)n tract
lengths may be crucial for the biological functions of telom-
eres and the effects of telomere attrition and dysfunction
associated with aging, cancer, stress and coronary artery dis-
ease [22-24].
The overall picture of duplicated subtelomeric DNA that has
emerged is one of a very plastic and rapidly evolving genome
compartment. Some of the DNA segments within this subte-
lomeric compartment can exchange sequences with each
other inter-chromosomally [12]; these genomic fragments
behave essentially as a multi-allelic subtelomeric gene family,
with paralogs on separate subtelomeres sometimes sharing
higher sequence similarity than alleles on homologous chro-
mosomes. Thus, in order to track individual subtelomere alle-
les in these regions, it will be essential to define markers that
can distinguish the allele not just from its homolog, but from
each of its paralogs. This is a fundamental challenge in devel-
oping subtelomeric markers, and one that requires a detailed
understanding of both subtelomeric sequence organization
and the nucleotide sequence-level characterization of dupli-
con families. We therefore set out to characterize these fea-




Subtelomeric regions of human chromosomes are known to
be composed, in part, of mosaic patchworks of duplicons [10-
12,25]. In order to analyze their sequence organization in a
systematic manner, we developed a set of rules to identify
modules of DNA defined by sequence similarity between seg-
ments of subtelomeric DNA from single telomeres and the
assembled human genome. A hybrid reference genome com-
posed of 500 kb subtelomere assemblies [6] incorporated
into human genome build 35 at the appropriate subtelomere
coordinates (Additional data file 1) was used for this purpose.
The hybrid build used in the current analysis essentially
replaces some of the build 35 subtelomeres with more com-
plete and rigorously validated subtelomere assemblies [6],
but is otherwise identical to the build 35 public reference
sequence.
The sequence of the most distal 500 kb of each human subte-
lomere region from this reference hybrid build was used to
query the complete hybrid reference genome sequence as
described in Materials and methods and in Additional data
file 2. Adjacent and properly oriented BLAST matches with
≥90% nucleotide sequence identity and ≥1 kb in size were
assembled into chains; the query sequence and each aligned
region identified in this manner were termed 'duplicons'
defined by that query, and this set of homologous sequences
is a single 'module'. Each module was thus defined by a set of
pairwise alignments with the query subtelomere sequence,
and a percent nucleotide sequence identity for the non-
masked parts of each chained pairwise alignment was derived
from the BLAST alignments. In cases where more than one
duplicon was defined by matches to a segment of subtelomere
query sequence, the average percent identity of all pairwise
alignments in the module was also calculated (the %IDavg).
Interestingly, in most cases the best nucleotide sequence
identity between the query subtelomere sequence and the
duplicons was very similar to the average pairwise nucleotide
sequence identity, indicating that either subtelomeric dupli-
cations within a group of this class occurred in a relativelyGenome Biology 2007, 8:R151

















nnarrow evolutionary time window, or gene conversion of
duplicated sequences within the group has occurred at a rela-
tively constant rate. The full set of modules, including the
coordinates of their genomic alignments, is presented in
Additional data file 3.
Figure 1 illustrates this analysis graphically for the 7p subte-
lomere region. Each rectangle in Figure 1 represents a sepa-
rate duplicon; for example, the chromosome 7
intrachromosomal duplicons (pink, above the coordinate
line) include two large blocks and many smaller ones, with
each duplicon corresponding to distinct, internal chromo-
some 7 coordinates. The large (90 kb) duplicon at the bottom
of the figure matches a subtelomeric segment of chromosome
11 (bounded light green rectangle) whereas chromosome 1 is
the site of 25 distinct 7ptel duplicons of various sizes, 9 of
which are subtelomeric (bounded brown rectangles) and 16
non-subtelomeric (unbounded brown rectangles). The
remaining duplicons defined by pairwise alignment with the
7ptel query sequence are designated in a similar fashion.
This systematic analysis resulted in the definition of 1,151
subtelomeric modules whose coordinates define duplicon
families; 461 modules define duplicon families located exclu-
sively in subtelomere regions, whereas the remainder have
copies in both subtelomeric and non-subtelomeric DNA. The
duplication module numbers are broken down by subte-
lomere in Additional data file 4. The abundance and genomic
distribution for the subtelomere modules and each of their
duplicons are summarized in Figure 2. In addition to the
expected subtelomeric enrichment of duplicons, they are also
localized at many pericentromeric loci and at a relatively
small number of internal chromosome sites. Internal loci par-
ticularly enriched for subtelomeric duplicons include 2q13-
q14 (at the site where ancestral primate telomeres fused to
form modern human chromosome 2), 1q42.11-1q42.12,
1q42.13, 1q43-q44, 3p12.3, 3q29, 4q26, 7p13, 9q12-q13, and
Yq11.23. These sites have been documented previously in
genome-wide analyses of segmental duplications [26] and
represent sites that were apparently susceptible to either
donation or acceptance of these duplicated chromosome seg-
ments in recent evolutionary time.
Subtelomeric duplicon characterization
The defined subtelomere modules and their duplicons were
characterized according to size and nucleotide sequence sim-
ilarity. Duplicons that occupy subtelomeric sequences were
generally both larger and more abundant than those occur-
ring elsewhere in the genome (Additional data file 5), consist-
ent with the notion that subtelomeric location in humans is
permissive for and/or somehow promotes large duplication
events. Although smaller and fewer, non-subtelomeric copies
of duplicons tended to cluster at the relatively few pericentric
and interstitial loci described above (Figure 2).
Figure 3 shows the results of an analysis of duplicon number
as a function of percent nucleotide identity. There is a bimo-
dal distribution of duplicon number versus percent nucle-
otide sequence identities, with peaks at 98% and 91% (Figure
3, left panels). The 98% peak was highly enriched in subtelo-
meric duplicons. The combined large size and high sequence
similarity of a subset of subtelomeric duplicons is highlighted
in the right panels of Figure 3, which plots the total bases cov-
ered by the duplicons as a function of the nucleotide sequence
identity. The bimodal distribution of duplicon peaks might
suggest two evolutionary waves of duplications, with the
more recent one accounting for most of the large subtelom-
eric duplicons; this sort of punctuated duplication pattern is
reminiscent of that observed by Eichler and co-workers [27]
for segmentally duplicated DNA in a pericentromeric chro-
mosome region. Alternatively, the 98% peak may be due to
maintenance of sequence similarity by ongoing interchromo-
somal gene conversion between the large subtelomeric
duplicons.
Duplicon substructure of the 7p subtelomere regionFigure 1
Duplicon substructure of the 7p subtelomere region. The most distal 140 
kb of the chromosome 7p reference sequence is shown oriented with the 
telomeric end on the left (34 kb of unsequenced 7p DNA lie beyond the 
sequenced region shown, and the remaining 350 kb of the 7p subtelomere 
region centromeric to that shown does not contain duplicated DNA). The 
distance from the end of the sequence to the start of the terminal repeat 
array is indicated by the vertical arrow at the telomeric end of the 
sequence. The position and 5'-3' G-strand orientation of (TTAGGG)n 
elements are shown as black arrows. Duplicated genomic segments are 
identified by chromosome (color) and whether they are subtelomeric 
(bounded rectangles), non-telomeric (unbounded rectangles), or intra-
chromosomal (located above the subtelomere coordinates).
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7p
34 kb Gap
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Genomic distribution of subtelomeric duplicons. The total number of duplicon bases for each 1 Mb interval in the human genome is indicated by the 
following color designations: red, greater than 500 kb; purple, 100-500 kb; aqua, 50-100 kb; green, 5-50 kb; and blue, 1-5 kb. The positions of the 
centromeric gaps in build 35 are indicated as black cylinders.
Duplicon number, size, and total bases covered as a function of percent nucleotide sequence identityFigure 3 (see following page)
Duplicon number, size, and total bases covered as a function of percent nucleotide sequence identity. Duplicon number (left panels) and the total bases in 
duplicons (right panels) are shown on the Y-axis, and percent nucleotide sequence identity for the non-RepeatMasked bases is shown on the X-axis. The 
size ranges (kb) of duplicons in each category are indicated by the colors shown in the key at the bottom of the figure.
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nFigure 3 (see legend on previous page)
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Visual inspection of the duplicon organization for the subte-
lomeres revealed several key features (Figure 4, Additional
data files 6-47). The internal (TTAGGG)n sequences are usu-
ally oriented towards the telomere and almost always co-
localize to duplicon boundaries. The orientations of the dupli-
cons in the segmentally duplicated regions are similarly
maintained, consistent with a recent model for their genera-
tion that features subtelomeric translocation of chromosome
tips followed by transmission of unbalanced subtelomeric
chromosome complements [12]. In an unusual case where the
orientations are opposite to the telomere (Figure 4, 5p tel-
omere), the (TTAGGG)n occurs head-to-head with one in the
normal orientation, perhaps indicating the relic of a head-to-
head telomere fusion event transmitted in the germline. Sub-
telomeric internal (TTAGGG)n-like sequences at duplicon
boundaries suggest the possibility of internal binding/inter-
action sites for some (TTAGGG)n-binding protein compo-
nents found primarily at terminal (TTAGGG)n tracts;
published data showing TRF2 and TIN2 localization at inter-
nal (TTAGGG)n tracts resulting from a fused human chromo-
some pair support this idea [28]. The subtelomeric internal
(TTAGGG)n-like islands range in size up to 823 base-pairs
(bp), with most in the 150-200 bp range; they vary consider-
ably in similarity to canonical (TTAGGG)n repeats [6] as well
as in the relative abundance of (TTAGGG)n-related motifs.
Several of the (TTAGGG)n-related motifs found in these
islands were detected previously in proximal regions of tel-
omeres (for example, TGAGGG, TCAGGG, TTGGGG [29,30]
(H Riethman, unpublished)). A more detailed analysis of
these interesting sequence islands and their comparison with
a more comprehensive set of telomere-proximal sequences
than is currently available might shed light on their origins
and the relative timing of their internalization.
For any given segment of a subtelomere, the level of nucle-
otide sequence similarity with duplicated DNA depends
entirely on the specific duplicon content and organization and
does not necessarily correlate with its distance from the tel-
omere terminus (Additional data files 6-47, bottom panels).
Large duplicons with relatively high sequence similarity
amongst family members cover a large proportion of the
duplicated sequence space, but occupy only a subset of subte-
lomere regions and exist at variable distances from the termi-
nal (TTAGGG)n tract. Since many of the currently incomplete
assemblies terminate within these large duplicons, the actual
sequence organization is still unknown for these chromosome
ends (1p, 3q, 6p, 7p, 8p, 9q, 11p, 19p). For assemblies com-
pleted or very nearly completed that contain the large dupli-
cons, there is a consistent pattern of higher divergence in
(TTAGGG)n-adjacent subterminal sequence than in adjacent
large duplicon regions (4q, 5q, 6q, 10q, 15q, 16q, and 17q, bot-
tom panels). For subtelomeres that lack the large duplicons,
there is typically a much lower degree of sequence similarity
throughout these subtelomeric duplication regions (often 90-
96% nucleotide sequence identity; 1q, 2p, 4p, 5p, 10p, 13q,
14q, 18p, 19q, 21q, 22q). The 3p, 14q, and 20p subtelomeres
have unsequenced gaps adjacent to their terminal
(TTAGGG)n tracts; hybridization experiments showed that
3p and 14q have small Srpt regions, whereas that for 20p is
more extensive and contains large duplicons (H Riethman,
data not shown).
The duplicon sequence similarity characteristics of a small
group of telomeres falls outside of the general patterns men-
tioned above. The 16p reference allele subtelomere and the
Xq/Yq subtelomere have small, highly similar subterminal
duplicons and more divergent adjacent subtelomeric ones,
whereas the 2q, 12p, 17p, and 20q subtelomeres have moder-
ately sized duplicons with <96% to 98.5% similarity through-
out the duplicated regions. The 9p subtelomere has
subterminal duplicons with high sequence similarity (98.5-
99%) and several large blocks of sequence that correspond to
the 2qfus internal site and several internal loci on chromo-
some 9 (Additional data file 22) [31].
The telomere assemblies analyzed here represent only a sin-
gle reference sequence, and there is extensive evidence for
large copy number polymorphism at many of these chromo-
some ends [32-35]. Known major variant alleles differ quite
dramatically in sequence organization from the shown refer-
ence alleles. For example, the 16p allele shown is one of at
least three large variants of this subtelomere [32]; finished
sequence data from part of a second allele show the presence
of additional duplicated DNA sequences, including several
large duplicons bearing very high sequence similarity (97-
98.5%) with those characterized in this study (data not
shown). Similarly, the 11p reference allele assembly shown
here is part of a long segmental variant of this subtelomere;
the short version (whose existence has been validated by clon-
ing and mapping (H Riethman, data not shown)) ends at an
internal (TTAGGG)n sequence present within the long allele
(coordinate 115 kb), and has a structure similar to the 17p sub-
telomere (compare Additional data files 26 and 37). As addi-
tional variant subtelomeres are cloned and characterized, it is
likely that further combinations of duplicons will be discov-
ered on alleles that may, in many instances, be more similar
to their paralogs than their homologs.
Duplicon organization of selected telomeresFigure 4 (see following pag )
Duplicon organization of selected telomeres. The sequences are oriented with the telomeres at the left, with the distance from the end of the sequence to 
the start of the terminal repeat array indicated by the vertical arrow at the telomeric end of the sequence. The position and 5'-3' G-strand orientation of 
(TTAGGG)n elements are shown as black arrows. Note the co-localization of nearly all of the internal (TTAGGG)n islands with duplicon boundaries. The 
duplicon substructure for each of the 43 non-satellited telomeres is shown in Additional data files 6-47.Genome Biology 2007, 8:R151

















nFigure 4 (see legend on previous page)
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Systematic analysis of each subtelomere revealed a limited set
of subtelomeric segments whose sequence aligned exclusively
with other subtelomeric DNA sequences (detailed in Addi-
tional data file 48). The 11 largest stretches of these subte-
lomere-only duplicon blocks, each greater than 10 kb in
length, are summarized in Table 1. The size and subtelomere
origin of the largest homology block for each of these duplicon
families is indicated, along with the number of copies and the
range of pairwise nucleotide sequence identities of the subte-
lomere alignments to the query DNA segments. It should be
noted that some of the duplicons are smaller than the largest
query block, either because they are missing some of the
sequences or because they are from the edge of an incomplete
subtelomeric sequence assembly. The subtel-only blocks
include portions of the largest duplicated regions with highest
sequence similarity among copies (blocks 1, 2, 3, 6, 6', and 12)
in addition to several blocks with somewhat lower sequence
similarity among copies. Because they are restricted exclu-
sively to subtelomeres and are of sufficient size and sequence
similarity to be detected by FISH-based approaches, this class
of duplicon blocks is an attractive starting point for develop-
ing subtelomere paint probes for tracking somatic changes to
subtelomeres in situ. Their delineation here will permit the
development of sequence-based copy number quantification
assays to assist in the analysis of subtelomere allele dosage
changes in both germline DNA and the somatic evolution of
genomes in cancer.
Subterminal sequence blocks
Adjacent to some of the terminal (TTAGGG)n sequences and
to many internal (TTAGGG)n sequences are stacks of small
duplicons (for example, 7p in Figure 1, 19p, 10q, 16q, 9q, 6p in
Figure 4, and telomeres 2p, 3q, 4p, 4q, 5q, 6q, 8p, 11p, 17q,
18p, 19q, 21q, 22q in Additional data files 6-47). This subter-
minal duplicon class has sequence similarity to DNA posi-
tioned adjacent to the terminal (TTAGGG)n tract of at least
one chromosome end. To more formally define these
sequences, we examined the duplicon structure of each of the
finished and near-finished (within 5 kb of the terminal
(TTAGGG)n) subtelomere assemblies [6,36] and identified
subterminal sequence segments that are flanked by terminal
(TTAGGG)n and by a position <25 kb from the terminal
(TTAGGG)n that corresponds to a boundary of multiple
duplicons. These sequences were termed subterminal mod-
ules and were used as query sequence to define subterminal
duplicons that contained sequence aligned to them using the
criteria outlined in Additional data file 2. Six subterminal
duplicon families were defined in this manner (Additional
data file 49). Together with six one-copy DNA (TTAGGG)n-
adjacent regions (7q, 8q, 11q, 12q, 18q, and Xp/Yp), these
duplicon families represent the global set of sequences occu-
pying the DNA space immediately cis to terminal (TTAGGG)n
tracts. As such, they are among the sequences most likely to
directly impact terminal (TTAGGG)n tract regulation [19].
Table 2 shows the telomere and the defining subterminal seg-
ment sizes for these six duplicon families, as well as the copy
number for each family. The copies are categorized according
to those that occur in other subterminal regions (<25 kb from
any known terminal (TTAGGG)n tract; subterm), those that
occur in subtelomeric repeat regions but are not subterminal
(subtel), and those that occur in non-subtelomeric regions
(non_subtel). Subterminal duplicons that occur at internal
subtelomeric sites are often adjacent to internal (TTAGGG)n
tracts and are evident graphically as stacks of duplicated DNA
segments (for example, 7p in Figure 1, and 19p, 10q, 16q, 9q,
and 6p in Figure 4). However, some duplicons in such stacks
are bounded by an internal (TTAGGG)n and some are not.
The same situation can be visualized at several subtelomeric
sites defined by stacks of subterminal duplicons but that lack
internal (TTAGGG)n (for example, telomere 5p in Figure 4,
and telomeres 1p, 1q, 5p, 6q, 16q from Additional data files 6-
47). The simplest explanation for these observations is that
Table 1
Large subtelomere-specific duplicons
Subtel block Telomere Size (kb) Duplicated blocks Percent identity Named transcripts
1 1p 25 4 97.15-98.42 Sim to protein phosphatase 1 inhibitor subunit 2
2 15q 88 7 97.84-98.33 OR4F3, OR4F4, OR4F5, OR4F29, OR4F21, OR4F16, OR4F17, C6orf88
3 1p 35 1 97
5 2p 17 5 90.49-92.00 Sim to RPL23AP7
6 3q 38 5 97.15-97.89 Sim to RPL23AP7
6' 11p 11 1 97.98 RYD5
7 4q 28 1 * DUX4
8 4q 14 6 91.33-94.60 TUBB4q
10 2q 49 1 96.47 FBXO25
11 9q 36 6 91.26 - 95.68 IL9R
12 12p 15 1 97.89 IQSEC3
* Block 7 corresponds to the D4Z4 tandem repeat on the 4q and 10q subtelomeres, for which no percent identity is calculated because of the very large 
number and diverse % identities of the BLAST alignments among tandem D4Z4 repeats.Genome Biology 2007, 8:R151

















nthese duplicon edges correspond to the positions of terminal
translocations where (TTAGGG)n sequences on the recipient
telomeres were lost or where the (TTAGGG)n motif was orig-
inally present but has decayed beyond recognition.
A limited set of non-subtelomeric copies of subterminal
duplicons also exist (Table 2, Additional data file 49). Their
genomic locations suggest sites of ancestral telomere-associ-
ated chromosome rearrangements, including a well-docu-
mented telomere fusion at 2q13-q14 [37] and ancestral
inversion of a chromosome arm followed by duplication of
pericentromeric sequences (see legend to Additional data file
49).
The relationship between subterminal duplicon copies within
a family and between several related subterminal families
(also detailed in the legend to Additional data file 49) is com-
plex and broadly consistent with an earlier model of subte-
lomere structure (based upon the first completely sequenced
subtelomeres) featuring a subterminal 'compartment' with
more active recombinational features than the larger and less
abundant centromerically positioned subtelomere duplica-
tions [9]. In particular, many of the subterminal intra-family
and cross-family homology regions are relatively short, their
positions within the subterminal blocks vary, and they are
located at different distances from the terminal (TTAGGG)n
tract. In addition, there are several alternative organizations
of high-copy repetitive elements (masked and not examined
in detail in this study) within these subterminal blocks. Fur-
ther refinement of the classification of these subterminal fam-
ilies appears feasible and will benefit from more extensive
sampling of (TTAGGG)n-adjacent sequences from additional
alleles.
Discussion
Tracking subtelomere alleles using conventional DNA mark-
ers is currently very difficult. All but six of the most distal 30
kb euchromatic subtelomere segments are composed exclu-
sively of segmental duplications, and for a significant number
of subtelomeres the duplication regions can be far more
extensive (hundreds of kilobases) as well as highly variable in
size and duplication content among alleles. Most of this sub-
telomeric DNA lies outside of the 'Hapmappable' genome;
using single nucleotide polymorphisms to follow haplotypes
in these regions is virtually impossible using current high-
throughput technologies because of subtelomeric duplication
content. Our high-resolution analysis of subtelomeric dupli-
cation sequence content and organization demonstrates sig-
nificant differences in the levels of sequence similarity
between distinct subtelomere duplicon families as well as
large variations in the types and sequence organization of
duplicons present at particular subtelomeres. These differ-
ences may offer opportunities for distinguishing individual
subtelomere alleles in the context of genomic DNA samples,
ultimately permitting large-scale studies associating subte-
Table 2
Subterminal duplicons
Subterm block Telomere Size (kb) Duplicated blocks Location %ID Named transcripts
A 2p 7 6 Subterm 91.74-92.46 Sim to RPL23AP7, FAM41C
A 2p 7 12 Subtel 91.24 - 92.65 Sim to RPL23AP7, FAM41C
A 2p 7 1 Non_subtel 91.8 Sim to RPL23AP7, FAM41C
B 4p 17 10 Subterm 90.67-98.39 Sim to RPL23AP7, FAM41C
B 4p 17 16 Subtel 90.57-93.66 Sim to RPL23AP7, FAM41C
B 4p 17 1 Non_subtel 91.9 Sim to RPL23AP7, FAM41C
C 9p 10 6 Subterm 98.29-99.00 Sim to MGC13005, sim to DDX11, CXYorf1-related
C 9p 10 1 Non_subtel 98.27 Sim to MGC13005, sim to DDX11, CXYorf1-related
D 10q 22 10 Subterm 90.7-96.65 Sim to RPL23AP7, FAM41C
D 10q 22 15 Subtel 91.68-96.09 Sim to RPL23AP7, FAM41C
D 10q 22 2 Non_subtel 93.69-95.80 Sim to RPL23AP7, FAM41C
E 17p 21 5 Subterm 95.97-97.16
F 18p 15 1 Subterm 99.00
F 18p 15 1 Subtel 93.58
F 18p 15 8 Non_subtel 91.19-94.27Genome Biology 2007, 8:R151
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phenotypes.
Our analysis of subtelomeric duplicon substructure and
nucleotide sequence similarity provides a different and more
detailed perspective on subtelomere sequence organization
than the subtelomere paralogy analysis included as part of the
Linardopoulou et al. [12] study. The starting point for our
analysis was a comprehensive set of manually curated and
physically mapped subtelomere sequence assemblies [6], and
we incorporated all segmental duplications of the
subtelomeric sequences (both non-subtelomeric and subtelo-
meric) into our duplicon definition and analysis strategy; this
led to the systematic and comprehensive definition and
sequence characterization of duplicons anchored to each sub-
telomere (Additional data files 6-47). The paralogy map
derived from the Linardopoulou et al. [12] analysis does not
incorporate non-subtelomeric homology blocks or the newer
subtelomeric sequence included in our assemblies. Because
of these differences, the paralogy blocks they define overlap
with, but do not correspond to, any of the subtel-only blocks
or subterminal blocks defined in this study (Additional data
file 50). In addition, we determined raw percent nucleotide
sequence similarity numbers directly from the pairwise
blastn alignments of RepeatMasked sequence, rather than
calculating this parameter from alignments of non-Repeat-
Masked DNA post-processed to exclude gaps and small inser-
tions/deletions from alignment percent identity scoring [12].
This accounts for the generally higher divergence between
our duplicon sequence alignments compared to those of
Linardopoulou et al. [12], and helps to focus attention on
sequence differences most likely to be useful for allelic and
paralog discrimination.
Duplicons and sets of adjacent duplicon blocks that comprise
segmentally duplicated subtelomeric DNA were classified
according to several practically useful and perhaps biologi-
cally significant groups. Duplicon blocks that occur only in
subtelomeric regions (Table 1) can be used to develop
sequence-based approaches to the analysis of subtelomere
variation and subtelomeric somatic evolution of individual
genomes, without interfering background signals from non-
subtelomeric sites. Subterminal duplicon blocks of sequence
(Table 2) were defined that, together with six one-copy sub-
terminal regions, comprise all of the cis-elements adjacent to
terminal (TTAGGG)n tracts. These sequences are believed to
be involved in telomere-specific and allele-specific
(TTAGGG)n tract regulation [19], and are amongst the first
non-(TTAGGG)n sequences expected to be affected by tel-
omere dysfunction, aberrant telomere replication, and tel-
omere instability. Their delineation and analysis of their
variation are crucial for understanding the role of human sub-
telomeres in telomere length regulation and telomere biology.
Subtelomeric duplicons are known to harbor protein-encod-
ing genes and predicted protein-encoding genes as well as
pseudogenes and many transcripts of unknown function
[6,12,35] (H Riethman, unpublished). Known genes embed-
ded in the subtelomere-specific duplicons and in the subter-
minal duplicons are listed in Tables 1 and 2, respectively; a
comprehensive listing of RefSeq matches with these dupli-
cons is given in Additional data files 51 and 52. For several
subtelomeric transcript families (IL9R, DUX4, FBXO25)
functional evidence for protein expression from at least one
transcript locus is available [38-40]. However, for most tran-
script families the evidence for encoded protein function
relies upon the existence of one or more actively transcribed
loci with open reading frames predicted to encode evolution-
arily conserved proteins [41-44]. While these data strongly
suggest that one or more members of each of these gene fam-
ilies encode functional protein, in most cases pseudogene
copies of the respective gene family co-exist amongst the
duplicons and a great deal of work lies ahead in terms of deci-
phering the functions of individual members of subtelomeric
gene families as well as their evolution. In this light, it is
important to note that only a single reference sequence has
been sampled in this analysis, and given the abundant large-
scale variation in these regions, there are certain to be many
additional members of most of these gene families yet to be
discovered in the human population.
One of the most intriguing transcript families embedded in
the subtelomere repeat region is one predicted to encode
odorant receptors [35,41], in subtelomere-specific duplicon
block 2 (Table 1). The highly variable dosage and polymorphic
distribution of these genes in humans reflect a recent and
evolutionarily rapid expansion of this gene family. Subtelom-
eric duplicon regions of yeast, Plasmodium, and trypano-
somes are each associated with rapid duplication and
generation of functional diversity in their embedded genes
(discussed in [10]), and it is intriguing to speculate that simi-
lar mechanisms are active in human evolution. A very inter-
esting transcript family of unknown function (CXYorf1-
related) is embedded in subterminal duplicon block C (Table
2); many of these transcripts are predicted to encode variants
of an evolutionarily conserved open reading frame with one
copy in the mouse genome [44]. This transcript family varies
widely in both dosage and telomere distribution in individual
genomes, and usually terminates less than 5 kb from the start
of the terminal (TTAGGG)n tract; thus, individual telomeric
transcription sites for this family might be differentially sus-
ceptible to position effects depending on local telomeric chro-
matin/heterochromatin status and on chromosome-specific
telomere lengths.
From our analysis, it is clear that most subterminal duplicon
sequences are more divergent than the large duplicons that
exist more centromerically, both in nucleotide sequence sim-
ilarity and in sequence organization. This divergence might
be exploited to develop subterminal allele-specific PCR
assays to track some of these sequences genetically in the con-
text of total genomic DNA. For both the highly similar and theGenome Biology 2007, 8:R151

















nmore divergent duplicon families, coupling quantitative PCR
assays designed to amplify sequences across these regions
with new bead-based single molecule characterization and
sequencing methods [45,46] might provide an extremely
powerful means for determining both the copy number and a
global set of short-range subtelomere haplotypes within an
individual genome. Thus, subtelomere variation might be
linked with phenotypes at this level. Extending these global
short-range sequence haplotypes into longer-range subte-
lomere allele haplotypes will be more challenging, and may
require the isolation, detailed characterization, and perhaps
complete sequencing of many additional variant subtelomere
alleles.
Conclusion
This comprehensive analysis of the segmental duplication
substructure in human subtelomere regions yielded a number
of insights with important biological implications. The locali-
zation of interstitial subtelomeric (TTAGGG)n-like sequences
at duplicon boundaries suggests their involvement in the gen-
eration of the complex sequence organization. Their existence
at subtelomeres suggests the possibility of internal binding/
interaction sites for some (TTAGGG)n-binding protein com-
ponents found primarily at terminal (TTAGGG)n tracts. Iden-
tification of a class of duplicon blocks that are subtelomere-
specific will facilitate high-resolution analysis of subtelomere
repeat copy number variation as well as studies involving
somatic subtelomere rearrangements. Finally, the significant
levels of nucleotide sequence divergence within many dupli-
con families as well as the differential organization of dupli-
con blocks on subtelomere alleles may provide opportunities
for allele-specific subtelomere marker development; this is
especially true for subterminal regions, where divergence and
organizational differences are the greatest. These subtermi-
nal sequence families comprise the immediate cis-elements
for (TTAGGG)n tracts, and are prime candidates for subtelo-
meric sequences regulating telomere-specific (TTAGGG)n
tract length in humans. Their delineation and analysis of their
variation will be crucial for understanding the role of human




Both build 35 subtelomeres and the Riethman et al. [6] sub-
telomere sequences are based upon the same mapping data
[6,36], but the manually curated subtelomere assemblies [6]
are more complete, containing some subtelomere sequences
missing and/or misincorporated in the public builds. A single
hybrid reference genome was therefore created and used in
the current analysis, so that duplicons could be identified and
consistently defined in the context of the highest quality
sequence available. The centromeric single-copy regions of
our assemblies matched build 35 perfectly, so the 500 kb sub-
telomeric assemblies [6] (see also Riethman Lab Website
[47]) were substituted for build 35 sequence at the appropri-
ate sequence coordinates (given in Additional data file 1; for
each of the non-acrocentric chromosome ends the appropri-
ate p-arm sequence was attached at the p-arm coordinate.
The reverse complement of the q-arm sequences were
attached at the indicated q-arm coordinates).
Rules for modules of BLAST hits
Duplicon modules were defined by processing the results of
BLAST [48] searches of in-house curated subtelomere
sequence with repeats masked by RepeatMasker [49] and
Tandem Repeats Finder [50] against the hybrid build 35
genome build described above. Blast hits (≥90% identity and
≥100 bp length) were segregated according to chromosomal
location and orientation. Any blast hits that were colinear,
within 25 kb of each other in both loci, and uninterrupted by
other hits from the same group were combined to form these
duplicons. Our methods were tolerant of large insertions and
deletions (for example, of retrotransposons) but not rear-
rangements. Groups of combined blast hits ≥1 kb were
defined as duplicons, and those smaller were discarded. The
percent identity of each pairwise alignment was derived
directly from the blastn output; no post-processing of align-
ments to remove small insertions and deletions as described
by Linardopoulou et al. [12] was done.
Subtel-only block definition and characterization
The master module list (Additional data file 3) was scanned
for regions in which the query sequences shared homology
with other subtelomeres but not any non-subtelomeric
regions. A representative was taken from the longest stretch
of query associated with each of these regions. This subse-
quence was passed through the module definition pipeline
described above (Additional data file 2) to give sets of dupli-
cons whose boundaries correspond precisely with the deline-
ated subsequence.
Subterminal block definition and characterization
We examined the duplicon structure (Figures 1 and 4, Addi-
tional data files 6-47) of each of the finished and near-fin-
ished subtelomere assemblies (finished to within 5 kb of the
terminal (TTAGGG)n) [6] and identified subterminal
sequence segments that are flanked at one end by a terminal
(TTAGGG)n and at the other by a position within 25 kb of the
terminal (TTAGGG)n that corresponds to the boundary of
multiple duplicons. These sequence blocks were used as
query sequence to define subterminal duplicons that con-
tained sequence aligned to the query subterminal block using
the criteria outlined in Additional data file 2. The six subter-
minal families represent a minimally redundant set of such
subterminal blocks.Genome Biology 2007, 8:R151
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The following additional data are available with the online
version of this paper. Additional data file 1 provides coordi-
nates of build 35 to which the 500 kb subtelomeric [6] assem-
blies were added prior to the subtelomeric duplicon analysis.
Additional data file 2 is a definition of subtelomeric dupli-
cons. Additional data file 3 is a table giving duplicon defini-
tion and characterization. Additional data file 4 is a summary
of modules defined by similarity to human subtelomeric
DNA. Additional data file 5 gives the number and size range
of duplicons found in non-subtelomeric genome regions and
in subtelomeric genome regions. Additional data files 6, 7, 8,
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44, 45, 46, 47 show the duplicons defined in the terminal 500
kb of all non-satellited telomeres (1p-Yq); each has a top
panel and a bottom panel, with the top panel showing
duplicon origin and organization and the bottom panel show-
ing the % nucleotide sequence similarity for each of these
duplicons. Additional data file 48 is a table listing duplicon
blocks that are specific for subtelomeric regions of the human
genome. Additional data file 49 is a table listing duplicon
blocks that are adjacent to terminal (TTAGGG)n repeats.
Additional data file 50 is a Comparison of subtel-only and
subterminal duplicon blocks defined in this work with the
subtelomeric homology blocks reported in Linardopoulou et
al. [12]. Additional data file 51 is a table listing subtel-only
block transcript matches. Additional data file 52 is a table list-
ing subterminal block transcript matches.
Additional data file 1Coordinates of build 35 to which the 500 kb subtelomeric [6] assemblies were ad ed prior to the subtelomeric duplicon analysisThe p-arm sequence as given was attached at the p-ar  coordinate, n the r verse complement of the q-arm sequences w e attachedt the dicat d q-arm co rdin eslick he  for ile 2Defin tion of telo eric upliconsuplico  m d s w r d fined by proc s ing the results f BLASTsearc s o  in-hous curat su t lomere qu y s quences (see t xt and Mat r al an th ds). C lin ar and properly orient d pai s of BLAST match s to t  qu ry s que ce w r join d i to ac n t s p rat d by g ea er han 25 kb and n t ni te ruptby hit f o h  same quer  s qu nc . Group  f h i ds  its panni g ≥1 kb f t bje t s que ce wer  d fined d lic s. Thes  m t o s er oleran  of tion a d ele ions<25 kb i ize (fo  x m l , of r r t sp so s) but n  t l n  ofr ang ts. 3d in ti n nd chara eriz tionE m dul  is defi ed by  set f irwis lig m ts, and achf ce quenc i thes s t is p en a   i gl ow in h . h  i t ol n (module) c t ins a ident fi for ert cul r py f the odul  ( up ico ) ndi at d in the xt throlu . Th s co u ns (que y s ue c ) l t h  b m r  l ca of t q ry s qu c d ing th module (s M al  h d ). Th  'align d s qu nc s' c u s ws the locof ther l c in thi m d l , m t h d by e quer . Th  or-ina es i i c lum refer i h  u  p li bt m ric(d gn t  ch m d a m p or q) h  h m  n m b l  35 (all d ig ati ). Th %IDeach sc t ucl ot s qu nc i n i o  t ch i plign , x lud g k d s q e. The %IDavg i  th av gn ity f l p wi l g ment  the dul . is we umber u o %ID  h  d a y in hi pap r. Tfi  u w 1 f odu t i in rac om s mn n-s bt l ri  q en , a  0 if  .4S y of s fi by si il ri y t  u sub l ricNAis a l ws h n b f li m dul s f d p subl e.  p t l f  d l s  i cl d i A i-l data il 3. T ' ubt m ' colum ows t t t lb m for ac bt o  gi ( inc c -u  d fi by et of sub l i  o at ). T ' o -subc' m st th s bse of th o l w  o gyupl c ted g n a  l e id l . A ri of h s -s b lo ric h u t lom r c c pis i Fi r a i A iti l 5. T  'i t a-mo l' i ic s h e of l gy d f r th  c m .5N  iz  r g d plic n  f   ng r g i b lo r g r gb l m c o  c p n   t  t of q y qu  ut A ti  t fil 1 d  v r  i tc o s h w c ac  s gn d. T - ubt mer r gion t li d s q c s tha a l ut dlo g ( h e i A t fil 2).6i i al 500 kb of l - a t d tel-m : 1pt m r qu w ar  h  bli publ s e  v ou y [6] r v ilab h R h L b w bsi [47].r c o c ly c t he fth c  hl p r a i y v ti o icf . T p ti an i t i f (TTAGGG)  r o n b a k w . T p p : p a g m  a fi ( ) a(b d c ngl ), -(u b r t gl ), in r -ch l (l c vl r  o d ). E r t l r p s pB t p l : p c gm s r  h  e s i p l , if d y c qui r w h t que bt om r lo end in k y).7q 82 903 24 45 566 787 9890q123456789 pXp, YqYbl k r p b r r g s   s b ck f m l s h c r x v ly ubr g s. T  fi s n a f c b ckx h  q r s qu ) g v s ih f k ( ll t f ne orj l ). F l , i c s gqu v n  k v  y f llw l s fi . Th y fl m w s ndi t d ( x l gu N g / f li  hav  r -rip s c p l i i k a . Bl 7 D4Z4 m4q 10 s o  p y c lcu-at d f e v l g mb v r  n -s LAS l g a g D4Z4 p .j i ( TAGGG)  p tl t r j dl re ( M . T ce s c g f fo s i n48. A m o - b e o i s ofa pl c s x A io l at f 49). T ir gugg s t a a l c a mr , i u g w ll- o m d mn 13- 14 [ ] r r t v f sp c A, B, C, D (A l f 49). Thi l r D 3 12.3 tp f x up g ; h DNA t c nl c a 4q 10q b l mol g ,l g a a c r b ng r f4Z4 p t. Su t i l ly F a - ub l mt f u ; o r s 22q, 14q, 12v y r s i A 49),g t v rs fowe y i f r s m s- f btl q i y w r   c l l 90-96 r g fr b k A, B, D (T b ; f 49r  x p . w l- y ck , fu p t y p i a bl kT o v yl , B, d D; t f t rcy f p f l RP 23A7FAM41C ( 2 T c o - yk , B, d D 90-96% i utf i n ck a ai f TAGGG) t; l h rv v za f g -c p  r i l sk d x i l ib k . T s q gs l, l l l ; a iy f s l uct w f l p [9].e n of f ba x v l(TTAGGG) - j f a d l l S bB F up 1 p w v y i lt h 8 q ry q , g v y i nv ; p 1-94% tg . B k C ha qu c y l bf l , d y  2ql . B k E (96-97%) to f s b ly l 6 b ),y b f y -. T r q d l f 17 igb c f m g- ly i , g s vf h 17 (H R a , b )I g (TTAGG ) c 17 d dhi p 1 d y gm [19,51].pa b -f w k w h m g b kp t i t . [12]-o y bl c ipt w f by as vq y (A 48)NC I R f q ( w 4 July 200 ) 52H N  90% g g hy [5 ] - i k epv T s h v 95%d n d g S p i T f ri - y k R fS q ig . T  p fR S q . u f  pv RN a r. r my (A ) i tCBI R fS d w d 24 J 2006 [5 ].r i a p k p -v n lg c o . TR S . T a v gR A y S y.
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